Abstract The access to whole genome sequences has provided the opportunity to study the evolution and organization of immunologically related genes on a large scale. The genes encoding the T cell receptor (TCR) α and δ chains are part of a complex locus that has shown remarkable conserved organization across different amniote lineages. In this study we have examined and annotated the TCRα/δ locus in chicken (Gallus gallus) and compared it to that of zebra finch (Taeniopygia guttata) and other avian species using the current available genome data. We also analyzed the expressed chicken TCRα/δ transcript repertoire and compared it with that previously described for zebra finch. The analyses conducted in this study show that the TCRα/δ locus in birds has undergone major rearrangements and expansion of the germ line repertoire in chicken, compared to zebra finch. A major expansion of the chicken variable gene repertoire appears to be driven by selection for genes from a limited number of subgroups.
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Keywords TCRα/δ . Evolution . Avian TCR Conventional T cell receptors (TCR) are heterodimers composed of α and β chains, or of γ and δ chains, that are expressed on the surface of αβT cells or γδT cells, respectively (Davis and Chein 2008) . The genes encoding these four TCR chains have been found in species belonging to all the major lineages of jawed vertebrates, from cartilaginous fish to placental mammals (Rast et al. 1997) . As with antibodies, somatic DNA recombination of gene segments is used to assemble the genes encoding the antigen-binding variable (V) domains of TCR chains (Davis and Chein 2008) . These gene segments are the V, D (diversity), and J (joining) gene segments in the TCRβ and TCRδ chains, or by somatic recombination of V and J in TCRα and TCRγ chains. The number and organization of V, D, and J gene segments available for somatic recombination can vary between species. The genes encoding TCRα and TCRδ chains are interspersed at a single locus in all mammals, birds, and amphibians examined so far, and the organization has been remarkably conserved (Satyanarayana et al. 1988; Koop et al. 1992; Kubota et al. 1999; Uenishi et al. 2003; Reinink and Rhijn 2009; Parra et al. 2008 Parra et al. , 2010 .
In the past few years, unconventional TCR that appears to be hybrid between TCRδ and Ig heavy chain (IgH) has been described in phylogenetically distant species (Parra et al. 2010 (Parra et al. , 2012 . These unconventional TCR chains are composed of a constant (C) region that is clearly a Cδ, but paired with a V domain that is nearly indistinguishable from V used by IgH chains (VHδ). Such unconventional TCRδ were first reported in an amphibian and have been most recently found in birds. In the zebra finch, the genes encoding this unusual TCR are found within the TCRα/δ locus, while in chicken and turkey, these genes have been translocated to a different chromosome (Parra et al. 2012) . The discovery of such differences among avian species, along with the importance of chickens as an economic and model species, prompted this more detailed examination of the chicken TCRα/δ organization and repertoire.
Genomic organization of the TCRα/δ locus in the chicken and finch is highly conserved with that of other tetrapods.
In the chicken it spans approximately 800 kb on chromosome 27, based on the latest assembly of the chicken genome (2.1; Fig. 1a , International Chicken Genome Sequencing Consortium 2004). There are single Cα and Cδ genes and a total of 96 V gene segments. Chicken Vα/ δ genes fall in three distinct groups previously identified as Vα1 (Göbel et al. 1994 ), Vα2 (Chen et al. 1996) , and Vδ1 (Kubota et al. 1999 ) subgroups, based on phylogenetic analysis ( Figs. 1 and 2 ). The subgroup Vα1 contains 41 V genes, 33 of which appear functional based on having open reading frames (ORF) and identifiable leader and recombination signal sequences in the genomic sequence (Fig. 1a) . Subgroup Vα2 contains 19 V genes, 17 of which appear to be functional. Subgroup Vδ1 contains 36 V genes, 32 of which appear functional (Fig. 1a) .
The chicken TCRα/δ locus is substantially larger than its ortholog in the zebra finch (Parra et al. 2012) . The zebra finch TCRα/δ locus is also located in chromosome 27 but is only 100 kb from the most 5′ functional V gene segment to the Cα region at the 3′ end (Fig. 1b) . There is an additional V pseudogene (lacking an ORF) approximately 220 kb upstream of the functional V genes (Fig. 1b) . The chicken locus contains a substantially greater number of V (n096) and Jα genes (n048) than does the zebra finch (n013 Vα/δ, n014 Jα; Fig. 1 ; Parra et al. 2012) . However, in spite of having fewer numbers of V genes, those in the zebra finch TCRα/δ locus are more diverse than in chickens, based on their distribution in a phylogenetic analysis (Fig. 2) . Although there are only 13 zebra finch Vα/δ gene segments, they can be classified into seven different subgroups based on nucleotide identity. The zebra finch Vα3, Vδ1, and Vδ3 subgroups cluster with chicken Vδ1, but are distinct subgroups (supplementary Fig. 1 ). Zebra finch Vα1 and Vα2 cluster with chicken Vα1 and Vα2, respectively (supplementary Fig. 1 ). An in silico search of other available avian transcriptome and whole genome shotgun sequences publically available uncovered Vα/δ genes in turkey, parrot, grouse, and duck. These sequences are located in short unassembled contigs. Unfortunately the TCRα/δ locus in the turkey contains abundant sequence gaps making it impossible to compare the overall organization (Dalloul et al. 2010; Parra et al. 2012) . These other avian Vα/δ sequences also cluster with the three groups found in the chicken ( Fig. 2 and supplementary Fig. 2 ). Only the zebra finch Vδ2 and Vδ4 genes fell outside these three subgroups and appear unique to this passerine species. When all available avian Vα/δ genes were compared in a phylogenetic analysis to sequences from other tetrapods (amphibians, placentals, marsupials, and monotremes), ten major groups with good bootstrap support were evident (Fig. 2) . Two of the groups contain sequences from only avian species (Fig. 2) .
Zebra finch Vδ2 and Vδ4 fall in the same group as Vδ sequences from human (Vδ2), mouse (Vδ4), opossum (Vδ2 and Vδ3), platypus (Vδ1 subgroup), and frog (Vδ1.1 and Vδ1.2; Fig. 2 and supplementary Fig. 1) . Curiously all the sequences in this group appear to be only used in TCRδ (Triebel et al. 1988; Loh et al. 1988; Giudicelli et al. 2005; Parra et al. 2008 Parra et al. , 2010 . Given the species distribution of these exclusively Vδ genes, it is likely that they were present in a tetrapod common ancestor, but may have been lost As demonstrated previously, chicken Vα1 gene segments are encoded by a single exon, with no intron between the sequence encoding the leader peptide and the sequence encoding the extracellular V domain (Göbel et al. 1994 ). All potentially functional Vα1 gene segments in the chicken TCRα/δ locus have this unusual characteristic. However, the related complete Vα1 gene segments identified in zebra finch and parrot all contain an intron. Therefore it appears that during avian evolution, some members of the Vα1 subfamily lost their intron, and these were expanded in chickens.
Although the various avian lineages analyzed all clearly contain Vα genes from the same three ancient lineages, there has been independent divergence and species-specific expansion of each subfamily. For example, Vα1 members from chicken and zebra finch clearly are derived from a common ancestral gene and share high percent nucleotide identity (55 to 81 %). However, phylogenetic analyses revealed that these genes form separate, species-specific subclades, one clade for chicken and one for zebra finch (not shown). Similar results were obtained when comparison between chicken and zebra finch Vα2 genes was performed. Chicken and zebra finch Vα2 gene segments share a percent nucleotide identity that varies from 63 to 78 %. However in a phylogenetic tree, chicken and zebra finch Vα2 genes form separate subclades (not shown).
Zebra finch genes that belong to the subgroups Vα3, Vδ1, and Vδ3 share less than 75 % identity at the nucleotide level, therefore were classified as distinct subgroups (Parra et al. 2012) . Zebra finch genes from these subgroups fall in the same phylogenetic clade as the chicken Vδ1 genes (Fig. 2 ). Chicken and zebra finch genes from this group share 46 to 68 % identity when compared at the nucleotide level. However, V genes from chicken Vδ1 subgroup are more similar to each other than to any of the genes from zebra finch Vα3, Vδ1, and Vδ3 subgroups.
Another major difference between chicken and zebra finch is the presence of a VHδ gene and a second [Dδ-Jδ-Cδ] cluster in the zebra finch TCRα/δ locus, which are both lacking from the chicken ortholog (Parra et al. 2012 ). An inverted Vδ gene segment found in the TCRα/δ locus in the three mammalian lineages (placentals, marsupials, and Fig. 2 Minimum evolution tree showing the phylogenetic relationship of TCR Vα/δ gene segments from avian species compared to mammals and to an amphibian. Main groups are encased by triangles and species in each group are indicated. Bootstrap values based on 1,000 replicates are shown in parenthesis for each group. Avian groups are color coded as in Fig. 1 . Nucleotide sequences of the V regions were aligned using ClustalX (Thompson et al. 1997) and BioEdit (Hall 1999) programs. Phylogenetic analyses were performed using MEGA version 4.1. (Kumar et al. 2004) . GenBank numbers for sequences used in this analysis are provided in supplementary Table 1 R monotremes) appears to be mammal specific in that it is absent in the zebra finch, chicken, and in the amphibian Xenopus tropicalis (Parra et al. 2008 (Parra et al. , 2010 (Parra et al. , 2012 .
Examination of the whole TCRα/δ loci in chickens and zebra finch suggests that major rearrangements have occurred from the time the two species shared a common ancestor (90-120 MYA, Van Tuinen and Hedges 2001) . Dot plot analysis shows sequence similarities between chicken and finch in the places corresponding to Vα1 and Vα2 groups and in the sequences encoding feather β-keratin genes (Fig. 3) . Linked to the TCRα/δ locus in birds is a cluster of feather β-keratin genes that have been described (Greenwold and Sawyer 2010) . A comparison of the location of the feather β-keratin genes relative to the location of TCRα/δ was performed. In chicken some feather β-keratin genes (FK1 to FK39) are interspersed among the Vα1 and Vα2 gene segments (indicated by a red box in Fig. 3) . The remaining feather β-keratin genes (FK40-FK61) located in chromosome 27 are found upstream of the TCRα/δ locus in chicken (not shown, Greenwold and Sawyer 2010) . In zebra finch the feather β-keratins are not interspersed with the functional Vα/δ gene segments, but many are found between the TCRα/δ locus and the distal Vα pseudogene (indicated by a red box in Fig. 3 ). The β-keratin genes linked to TCRα/δ in chicken and finch are not orthologous (Greenwold and Sawyer 2010) . Therefore, it is difficult to determine whether the current organizations in chicken and finch represent an expansion of the Vα/δ genes into the β-keratin region in chicken or a loss of Vα/δ genes from this region in finch.
In conclusion, the Vα/δ repertoire observed in Galliformes and Passeriformes appears to be the product of lineage-specific deletions and expansions. Chickens have an expanded number of Vα/δ genes, at least relative to the zebra finch, but have not retained necessarily the level of ancient diversity that finches have. A group of V genes exclusively used in TCRδ chains known from mammals, which were thought to be lacking from birds due to their absence in chickens, is in fact ancient in amniotes and has been retained in the passerines. The unusual intronless characteristic of avian Vα1 genes appears to be unique to chickens (Göbel et al. 1994) , although examination of Vα1 sequences from other Galliformes is necessary to rule out their presence in other members of this lineage. However Vα1 genes are derived from an ancestral gene that still has its introns in other lineages such as Passeriformes (finches) and Psittaciformes (parrots). 
